Background. Breast conservation therapy is the standard treatment for breast cancer; however, 20-50% of operations have a positive margin leading to secondary procedures. The standard of care to evaluate surgical margins is based on permanent section. Imprint cytology (touch prep) has been used to evaluate surgical samples, but conventional techniques require an experienced cytopathologist for correct interpretation. An automated image screening process has been developed to discern cancer cells from normal epithelial cells. This technique is based on cellularity of the imprint specimen and does not require expertise in cytopathology. Methods. A rapid immunofluorescent staining technique coupled with automated microscopy was used to classify specimens as cancer vs. noncancer based on the density of epithelial cells captured on touch prep of tumor crosssections. The results of the automated analysis vs. a manual screen of ten 209 fields were compared to the pathology interpretation on permanent section. Results. A total of 34 consecutive cases were analyzed: 10 normal cases, and 24 cancer cases. The cross-section specimens for invasive cancer were correctly classified in at least 65% of the cases by using manual microscopy and at least 83% by using automated microscopy. The manual and automated microscopy correlated well for measurements of epithelial cell density (R 2 = 0.64); however, the automated microscopy was more accurate. Conclusions. This preliminary study using an automated system for intraoperative interpretation does not require a cytopathologist and shows that rapid, low-resolution imaging can correctly identify cancer cells for invasive carcinoma in surgical specimens. Therefore, automated determination of cellularity in touch prep is a promising technique for future margin interpretation of breast conservation therapy.
ABSTRACT
Background. Breast conservation therapy is the standard treatment for breast cancer; however, 20-50% of operations have a positive margin leading to secondary procedures. The standard of care to evaluate surgical margins is based on permanent section. Imprint cytology (touch prep) has been used to evaluate surgical samples, but conventional techniques require an experienced cytopathologist for correct interpretation. An automated image screening process has been developed to discern cancer cells from normal epithelial cells. This technique is based on cellularity of the imprint specimen and does not require expertise in cytopathology. Methods. A rapid immunofluorescent staining technique coupled with automated microscopy was used to classify specimens as cancer vs. noncancer based on the density of epithelial cells captured on touch prep of tumor crosssections. The results of the automated analysis vs. a manual screen of ten 209 fields were compared to the pathology interpretation on permanent section. Results. A total of 34 consecutive cases were analyzed: 10 normal cases, and 24 cancer cases. The cross-section specimens for invasive cancer were correctly classified in at least 65% of the cases by using manual microscopy and at least 83% by using automated microscopy. The manual and automated microscopy correlated well for measurements of epithelial cell density (R 2 = 0.64); however, the automated microscopy was more accurate.
Conclusions. This preliminary study using an automated system for intraoperative interpretation does not require a cytopathologist and shows that rapid, low-resolution imaging can correctly identify cancer cells for invasive carcinoma in surgical specimens. Therefore, automated determination of cellularity in touch prep is a promising technique for future margin interpretation of breast conservation therapy.
Multiple, randomized, prospective trials with greater than a 10-year follow-up have proven that breast conservation therapy (BCT) has equal survival efficacy compared with mastectomy in treating early-stage breast cancer; therefore, BCT has become the standard of care to treat this malignancy. [1] [2] [3] [4] Another important aspect of BCT is improved cosmetic outcome, because the best results are obtained at the time of the initial operation with a single excision and better aesthetic outcomes correlate with improved quality of life. 5 However, obtaining a negative margin in localized excision with primary BCT is still a challenge. Many studies show that local recurrence is significantly higher in patients with a positive margin vs. a negative margin excision 3, 6, 7 . Despite improved preoperative imaging techniques, such as breast MRI and ultrasound, many studies report positive margin rates of 20-50% for partial mastectomy, even for patients with early-stage breast cancer. Therefore, achieving negative surgical margins is an essential goal in breast cancer treatment, because the consequences of a failed margin are significant for patients, surgeons, and the healthcare system. The ''gold standard'' for achieving negative margins for most tumors is performing multiple intraoperative frozen sections on the margins of the excised tumor. However, this technique has many limitations. Freezing the adipose tissue of the breast and preparing adequate and representative sections is a technically complex process. 9 Frozen-section evaluations on multiple samples from a three-dimensional cavity, while the patient and the surgeon are waiting for the results in the operating room, are extremely labor intensive and time consuming. In addition, there is concern that in small tumors the frozen sections may utilize the majority of the available tumor tissue and there will be insufficient specimens available for adequate histological evaluation and associated studies on permanent sections. The technique of using touch preps to detect tumor cells at breast cancer surgical margins has been studied during the last 20 years. [10] [11] [12] The largest study by Klimberg et al. 11 examined 428 patients with breast lesions and had a sensitivity of 96% and specificity of 100%. This group performed scrape and touch preps of a cross-section of the tumor as well as the marginal tissue around the tumor. The slides were fixed, stained with hematoxylin and eosin, and examined by an experienced cytopathologist. However, other institutions have not embraced this technique because artifacts associated with air drying and surface cautery can affect touch prep interpretation and the availability of an experienced cytopathologist limits its widespread use. 9 The objective of this project is to develop an automated real-time intraoperative technique to detect cancer cells present at surgical margins to prevent positive margins and the need for a second operation to clear the microscopic margins. The long-term goal is to reduce the necessity of multiple operations to surgically treat breast cancer.
METHODS

Surgical Samples
Institutional Review Board approval from the University of California, San Diego, was obtained to study breast cancer and noncancer tissue from patients. All patients underwent their planned procedure for breast surgical treatment, and the specimens were removed and sent to the pathology laboratory for analysis. Thirty-four consecutive cases, both cancerous (n = 24) and normal tissue (n = 10), were studied. The normal tissue was obtained from patients who underwent breast reduction or prophylactic mastectomy. All surgeries were performed at the University of California, San Diego. Standard techniques for resection of breast tissue were used, including electric cautery (Valley Labs, Boulder, CO). Fresh specimens were gently imprinted onto poly-L-lysine (PLL) coated glass slides (Newcomer Supply, Middleton, WI).
Cross-Sections
To study the efficacy of the proposed technique in correctly identifying cancer cells in fresh surgical specimens by immunofluorescence (IF), the excised tissue was cut through the center to reveal the tumor (designated as ''cross-section''), and a touch prep of the cross-section was performed. The surgical specimens were grossed in by a surgical pathologist to locate the area with the highest probability of identifying tumor cells. These cross-sectional cuts do not have a cauterized surface making them ideal specimen to establish the reliability and accuracy of the automated analysis technique on the most consistent available samples. The tissue was bisected and immediately imprinted/touched onto PLL slides to minimize airdrying artifacts. For invasive carcinomas, the location of the tumor in the tissue was usually located by palpation; therefore, the cross-section nearly always bisected the tumor. For smaller tumors, such as ductal carcinoma in situ (DCIS), the location of the tumor was approximated by mammographic needle localization. However, many of the small tumors had been subjected to a previous core biopsy, which may have removed most of the cancer cells. The mammographers at University of California, San Diego, routinely use 9-to 11-gauge vacuum-assisted cores to establish a diagnosis.
Immunofluorescence Staining
Two quantifiers were used to identify the cancer cells: (1) cytokeratin was used as a specific marker for epithelial cells to distinguish them from other cells that can be found attached to the PLL-slide after performing touch prep (leukocytes, adipocytes, fibroblasts, etc.); (2) cell density was quantified by using Hoechst 33342 (Invitrogen, Carlsbad, CA) as a nuclear dye. The Hoechst staining served several purposes: it enabled the exclusion of nonnucleated cells (e.g., erythrocytes), and facilitated counting the cells within clusters (Fig. 1) . Mouse IgG isotype control (Southern Biotechnology, Birmingham, AL) and anticytokeratin antibody (DakoCytomation, Carpinteria, CA) were labeled using the Alexa Fluor 488 Zenon Mouse IgG Labeling Kit (Invitrogen) following the manufacturer's instruction and kept in the dark at 4°C.
The slides were fixed with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 10 min at room temperature and rinsed by immersion in PBS. To reduce background from nonspecific binding of the antibodies to the cell Fc receptors, the samples were incubated at room temperature for 5 min with human IgG (10 lg/ml; Invitrogen) in PBS followed by washing by immersion in PBS. After blocking, the samples were permeabilized and stained in one step using the Inside Stain Kit (Miltenyi Biotec, Aubum, CA). AlexaFluor 488 labeled antibodies (mouse IgG isotype control and anti-cytokeratin) were diluted with Inside Perm reagent at 6 lg/ml and Hoechst at 10 lg/ml. The samples were incubated in the permeabilization-staining solution for 15 min at room temperature in the dark. Afterwards, the samples were washed by immersion in PBS. Finally, the slides were mounted with ProLong Gold (Invitrogen), a microscope cover glass was placed on the slide, and the slide was analyzed by microscopy. The complete staining protocol, including fixing, permeabilization, and blocking took only 20-25 min.
Manual Analysis of the Slides
After staining, the slides were analyzed manually using a fluorescent microscope (Nikon Eclipse E600, Nikon Instruments Inc., Melville, NY) with a triple bandpass filter (DAPI/FITC/Texas Red w/Single-Band Exciters, Chroma Technology Corp, Rockingham, VT). Ten fields close to the centerline of the slide were chosen and analyzed using a 209 objective. The total number of cells was obtained by counting all nuclei (Hoechst positive), and the number of epithelial cells was obtained by counting cytokeratinpositive cells. Large three-dimensional clusters of epithelial cells were considered cancerous. The cell count for each large cluster was estimated by counting the number of nuclei in a fraction of each cluster and then correcting for the total area of the cluster. From the ten fields of view at 209 along the centerline of the long axis of the slide, both the number of epithelial cells/mm 2 (epithelial cell density) and the percentage of epithelial cells were calculated. It is noted that in this manual microscopy method, the choice of image fields was focused on the area of highest concentration of epithelial cells. The microscopist examined a progression of ten locations along the centerline. At each location, the field of view was adjusted in the local region (±300 lm) to image as many cells as possible. Therefore, it is expected that the manual microscopy method will   FIG. 1 Immunofluorescence staining of touch-prep slides. Individual cells, small cell clusters, and big cell clusters can be observed on the slide. Based on the number of epithelial cells and/or clusters, the slides are classified as positive or negative measure a higher average epithelial cell density than the automated microscopy method, but there should be a strong correlation between the two measurements.
Automated Microscopy and Analysis of the Slides
An automated scanning stage microscope was used for the data acquisition (AxioImager Z1, Carl Zeiss Inc., Thornwood, NY). In the automated microscopy analysis, the entire surface of each touch prep slide was imaged at a magnification of 59 with a 1.4 megapixel camera (Cool-SNAP HQ 2 , Photometrics, Pleasanton, CA); the absolute resolution was 1.267 lm/pixel. A series of focus points for the slide was first determined manually along with appropriate exposure times for each fluorescent channel to maximize sensitivity to staining intensity. Afterwards, the automated microscope divided the slide into a series of tiles and recorded two fluorescent images (one for Hoechst fluorescence and one for cytokeratin fluorescence) at each of these tiles. Finally, the tiled images were loaded into a custom fluorescent image analysis program to specifically recognize both isolated cells and cells within tightly packed clusters. The cellular recognition software used an image tile of Hoechst fluorescence and an image tile of cytokeratin fluorescence at each location on the slide.
Each Hoechst image was used to determine how many nonepithelial cells were present in a given location and to filter out cytokeratin-positive artifacts. First, an estimation of background Hoechst fluorescence was determined for the image tile by sampling intensity values across 10% of the image tile. The mean and standard deviation of fluorescence intensity were calculated from this sampling set, and the intensity value one standard deviation below the mean was used as an estimate of background fluorescence for the image tile, and subtracted from all other pixels in that tile. Due to inherent variations of fluorescent staining across a slide, determining a distinct background value for each image tile was crucial. After background subtraction, median filtering was applied to the image tile to reduce grain noise while preserving edges. Next, contrast enhancement was performed to maximize the intensity difference between background staining and any positively stained cell nuclei in the image. Finally Otsu thresholding, a technique that enhances object outlines by separating foreground areas of an image from background areas, was performed on the image tile to obtain binary outlines for any nuclei present. 13 After all image processing steps are complete, valid outlines of nuclei must be filtered out from any erroneous outlines of image artifacts. A Hoechst outline is determined to be a valid outline of a nucleus if its average Hoechst fluorescence is twice the background, the nuclear diameter is [4.5 lm, and the circularity of the outline is [0.6 for which 1 represents a perfect circle.
Automated interpretation of cytokeratin fluorescence was more complicated. Epithelial cells tended to be captured by touch prep in large clusters of cells, which were poorly penetrated by the anti-cytokeratin antibody. Poor antibody penetration and cell layering effects in clusters made it difficult to develop a universal algorithm using standard methods that could identify both single epithelial cells and each individual epithelial cell located inside of a cell cluster. Instead an algorithm was developed that finds a single outline for each cluster of epithelial cells as well an outline for each isolated epithelial cell. (a) Background subtraction on a tile by tile basis, as described in the Hoechst image procedure, was performed on each cytokeratin tile image to normalize intensity values to any background staining and a median filter was applied to reduce grain noise. (b) A hole-filling algorithm was used to fill in any weakly stained areas between cells located in a cluster that would otherwise cause fragmented outlines. The hole-filling algorithm has no effect on single cells because it only smoothes fluorescent intensity across a cell's cytoplasm. (c) A Sobel edge enhancement-a technique that enhances edges in an image by differentiating the intensity gradient in a radius around each pixel-was performed to convert the image into a binary representation of the edges of all cells and clusters present.
14 (d) The edge representation was slightly dilated to compensate for any information loss in the previous steps. (e) A hole-filling was performed once more before Otsu thresholding to determine final single epithelial cell and epithelial cell cluster outlines for an image. (f) The area occupied by each epithelial cell cluster was calculated. By dividing each cluster area by the average size of an epithelial cell (200 lm 2 ), an approximation for the total number of epithelial cells in each cluster was obtained (Fig. 2) . Note that this method assumes all clusters occupy a two-dimensional plane, thereby undercounting the number of epithelial cells in multilayer clusters. Epithelial cell outlines were checked for validity before being used in the statistical analysis. Raw cytokerative outlines obtained from the image processing steps are filtered to have a nuclear area of at least 15 lm 2 , an average cytokeratin fluorescence twice that of the background cytokeratin fluorescence of the image tile, and an average Hoechst fluorescence intensity greater than the background Hoechst intensity of the image tile to ensure accepted cytokeratin outlines contain cell nuclei and thus represent epithelial cells. The automated microscopy currently requires 45 min to scan an entire slide with a 59 objective and a 1.4 megapixel camera; with a 14 megapixel camera, this will be reduced to less than 5 min. The current microscope requires 15 min of setup time, because it does not have a practical auto-focusing system. By using a larger camera, a lower magnification objective can be used to maintain a fixed imaging resolution, which will reduce the time required for auto focusing to less than 1 min with efficient software.
Statistics
Automated and manual microscopy were correlated with Pearson's correlation. Cutoff values between benign and malignant cells were calculated based on Fisher linear discriminant analysis. 15 
RESULTS
Patient Profiles
Thirty-four consecutive surgical samples were analyzed (from August 2007 to April 2008). Ten of these samples were noncancerous tissues (6 from breast reduction and 4 from prophylactic mastectomies), and 24 samples were breast cancer with differing diagnostic classifications (6 DCIS; 14 invasive ductal carcinoma (IDC); 1 lobular carcinoma in situ (LCIS), and 3 invasive lobular carcinoma (ILC)). The 14 cases of IDC were subclassified as follows: 7 (50%) were only IDC, 4 (29%) were IDC/DCIS, 2 (14%) were IDC with lobular features, and 1 (7%) was IDC/LCIS.
Thirteen patients underwent mastectomies and 11 underwent lumpectomy or BCT (Table 1) . One to five serial touch prep slides of cross-sections were analyzed for each sample. The touch prep results were compared to final evaluation of the entire specimen by the pathologists at the University of California, San Diego.
Analysis of Multiple Cross-Sectional Cuts
The density of epithelial cells in the cross-section slides of normal and cancer samples were compared by using the manual counting method vs. automated microscopy. An example of this technique is shown in Fig. 3a ; manual microscopy for case C14 contained a 5-9 2-cm tumor in a 8-9 6-9 5-cm tissue sample. Slices 1, 2, and 3 had an epithelial cells density more than tenfold greater than slices 4 and 5, consistent with the touch prep method accurately locating the tumor. The edges of the tumor had fewer cells captured than the center of the tumor. To determine the probability of sampling the tumor and the expected variation of epithelial cell density along the total tissue sample, To estimate the variation of epithelial cell density between all cuts for a given tissue sample, the minimum number of cells per mm 2 on a single cut was divided by maximum number of cells per mm 2 on a single cut. As shown in Fig. 3b , most normal cases have a ratio close to 1. In three normal cases, the ratio was lower, which was attributed to high adipose breast tissue in patients who underwent breast reduction operations. For IDC and DCIS, the ratio of maximum to minimum epithelial cells can be very low, consistent with a high probability of missing the tumor in a single random cut.
For invasive tumors, the probability of bisecting the tumor in a cross-section tissue cut was high, because the tumors studied were usually palpable and large (average tumor size in cm: IDC = 2 ± 1.3; ILC = 3.1 ± 2.7). Conversely, noninvasive carcinomas are more difficult to sample in cross-sectional tissue cuts because these tumors are smaller (DCIS = 1.1 ± 0.7 cm) and rarely palpable. To determine the accuracy of the tumor detection technique, the probability of missing the tumor in a crosssectional cut in the absence of palpation was estimated from the ratio of Feret's diameters of the tumors and tissue. Feret's diameter is the longest distance between any two points of an outline. For a single slice, the probability of missing the tumor (p) is a linear function of the relative diameters of the tissue (d tissue ) and the tumor (d tumor ):
When multiple slices are taken, the probability of missing the tumor is lowered as a power function of the number of slices (n). Probability of missing the tumor for n slices = p n = (1 -d tumor /d tissue ) n . The probability of missing a tumor inside a surgical sample when ''n'' cuts were performed (p n ) was calculated for all samples (Table 2 ). For DCIS, the average probability of missing the tumor is 87.5%; therefore, DCIS should only be observed by the cancer detection techniques for 12.5% of the cases if the cross-section cuts are completely random. For invasive cancers (IDC ? ILC), the average probability of missing the tumor is only 65% because the tumor sizes are larger than for DCIS; invasive cancer should only be observed by the cancer detection techniques for 35% of the cases if the cross-section cuts are completely random. Therefore, in the reported numbers for sensitivity of the manual and automated cellularity touch prep technique are always reported as minimum sensitivity, because it is hypothesized that some of the negative scores are solely due to the tumor not being sampled.
Manual Analysis of Cross-Sectional Cuts
For manual microscopy, we utilized the highest density of epithelial cells (Fig. 4a) as well as the fraction of epithelial cells as a marker of cancer. Both parameters were used to separate cancer vs. noncancer because the manual microscopy only samples less than 5% of the surface of the slide. For cases in which there are multiple cross-sectional cuts, the data from the slide with the highest cell density as determined by manual microscopy is reported. In touch prep, the tumor was pressed on the slide with minimal smearing; therefore, cells were localized in specific regions on the slide occasionally causing a manual microscopy sampling error, but this potential error is minimized by using the slide with the highest cell density. From the data in Fig. 4a , a decision boundary was drawn between cancer and noncancer samples based on Fisher linear discriminant analysis. The outlier with more than 1,000 epithelial cells/ mm 2 was excluded. The Fisher analysis cutoff line is diagonal consistent with both epithelial cells density and percent epithelial cells being useful quantifiers for identifying cancer cells in manual microscopy. Samples with more than 482 epithelial cells/mm 2 or more than 80% epithelial cells were considered tumor. Based on these criteria, 64.7% (11 cases) of the invasive cases (IDC ? ILC) were correctly identified as containing cancer cells, and 35.3% (6 cases) were misclassified. The four cases of IDC incorrectly classified had very high probabilities of missing the tumor because they were small tumors with few cross-sectional cuts. The calculated probabilities for the different cases were: C11 p n = 0.97, C12 p n = 0.83, C15 p n = 0.56, and C19 p n = 0.64. In one of these cases, no cells were found on the slide after manual inspection, indicating that this specimen was most likely misprocessed. This observation was confirmed by automatic analysis. For the three cases of ILC included in the study, only one was identified as cancer and two (C22 p n = 0.84, and C23 p n = 0.58) as normal. If all the invasive cases are combined, even in manual microscopy, which only samples 5% of the slide, at least 65% of the cases were correctly classified, which is double the 35% expected rate based on random cross-sectional cuts. For the six DCIS cases, 33.3% (2 cases) were correctly classified as cancer (C1 and C6), whereas four were missed (C2-C5).
Automated Microscopy of Cross-Sectional Cuts
The entire touch prep glass slide was imaged at 59 with an automated microscope, and the number of epithelial cells/mm 2 as well as the percent epithelial cells present on the entire slide were calculated (Fig. 4b) . For cases in which there are multiple cross-sectional cuts, the data from the slide with the highest epithelial cell density as determined by automated microscopy is reported; note this can be different than the slide with the greatest epithelial cell density as determined by manual microscopy. Furthermore, it was observed that the density of epithelial cells is much lower in automated microscopy compared We had 80% accuracy in identifying invasive cancer with manual microscopy because the latter only looks a 5% of the total slide, whereas automated analysis examines the entire slide surface and therefore includes many empty areas. The density of epithelial cells is plotted on a log-scale for the automated microscopy because the dynamics range is approximately two orders of magnitude greater than for manual microscopy. From the automated microscopy data in Fig. 4b , a decision boundary was drawn between cancer and noncancer samples based on Fisher's linear discriminant analysis, which included the data points closest to the cutoff line (cancer: epithelial cells/mm 2 between 3 and 20 and noncancer: epithelial cells/mm 2 between 0.4 and 3). The Fisher analysis cutoff line (2.5 epithelial cells/mm 2 ) is consistent with only the epithelial cells density being required to differentiate cancer cells from noncancer cells in automated microscopy. Based on this criterion, cancer was correctly classified in at least 17 (71%) cases overall: invasive plus preinvasive. For invasive cancer cancers (IDC ? ILC), three cases were misclassified giving an accuracy rate of 83%, which is 2.59 greater than the 35% expected rate based on random cross-sectional cuts. The automated microscopy was able to successfully detect all three ILC cases, which is important for surgeons because it is a challenge to obtain negative margins for ILC secondary to its diffuse spread throughout surrounding breast tissue. 16 The three cases of IDC incorrectly classified had high probabilities of missing the tumor, because they were small tumors with few cross-sectional cuts. The calculated probabilities of missing the tumor for the different cases were: C11 p n = 0.97, C15 p n = 0.56, and C19 p n = 0.64. Note that these three IDC cases incorrectly classified by automated microscopy are a subset of the four IDC cases missed in manual microscopy, consistent with manual sampling missing the tumor. For preinvasive cancers (DCIS ? LCIS), four DCIS cases were missed (C2, C3, C4, and C6). Two DCIS cases (C1 and C5) and one lobular carcinoma in situ (LCIS) were correctly classified, for an accuracy rate of 42.8% for in situ cancers, which is more than 39 the expected detection rate (12.5%) based on random cross-sectional cuts. Examining the total number of cells counted by automated microscopy (Table 3) , it is noted that epithelial cell density is the most important factor to separate cancer vs. noncancer. These results show that a nuclear stain alone cannot be used to successfully differentiate between prophylactic mastectomy tissue and cancerous tissue. The addition of an epithelial cell marker greatly enhances the ability to differentiate invasive carcinomas and lobular cancers from normal and prophylactic mastectomy tissue. Although the mean density of epithelial cells is 49 greater in DCIS than in normal samples, the standard deviation of the DCIS mean epithelial cells density (117%) is sufficiently large that even this 49 difference is not high enough to allow epithelial cells density alone to distinguish DCIS from normal in touch prep. Additional characteristics will need to be examined to increase the recognition of DCIS. 17 
Correlation of Automated and Manual Microscopy
To compare the manual and automated microscopy, the epithelial cell density and the fraction of epithelial cells were compared using the slide from the cross-sectional cuts with the highest epithelial cell density as reported by automated microscopy. As shown in Fig. 5 , the automated microscopy of the entire slide correlated well with manual microscopic analysis of the ten centerline fields. For epithelial cell density and percentage of epithelial cells, R 2 values of 0.64 and 0.59 were observed respectively for correlation fits between automated and manual microscopy results. When few cells were present on a given slide, a poor agreement between manual counting of 5% of the slide and automated counting of the entire slide resulted in a large deviation from the trend line. In addition, even for IDC, there were occasionally cases in which a large deviation between manual and automated microscopy was observed, because manual microscopy only sampled a small fraction of the surface, which contained large cluster of cells.
The sampling variation in manual microscopy is illustrated in Fig. 6 . Image tiles captured by the automated microscope were reanalyzed to mimic the manual microscopy method of examining only the centerline of a slide. All the cells were counted in each image tile and epithelial cell counts along horizontal image tile rows were summed. In slides of invasive cancers that contained large numbers of cells present in all parts of the slide, the manual and computer microscopy were equivalent. However, on slides where large numbers cells were spread randomly throughout the slide, manual analysis of a slides centerline could not accurately predict epithelial cell measurements for the entire slide. 
DISCUSSION
Obtaining negative margins during BCT operations remains a vexing problem for surgeons and patients with breast cancer. Imaging techniques, such as mammography, are detecting smaller tumors that are not palpable and are challenging to localize during surgery. Furthermore, many tumors spread along a ductal pattern and even the best imaging techniques may underestimate the amount of disease, particularly for DCIS. Intraoperatively, surgeons must make educated guesses as to the amount of tissue to remove and many times need to perform a second operation to obtain a negative microscopic margin. Furthermore, in patients with lobular cancers, it often is difficult to achieve negative margins because of their diffuse spread. 16 Many techniques have been used to identify positive microscopic margins. Touch/imprint cytology has been utilized since the 1970 s to relatively quickly obtain pathological information on fresh specimens without disturbing the tissue for later interpretation. However, an experienced cytopathologist is necessary because correct interpretation can be challenging. 18 The largest series to utilize touch preps for diagnosis and evaluation of surgical margins was completed by Klimberg et al. 11 They studied 428 consecutive patients with breast masses (benign and malignant) and had 83 patients with cancer (74% invasive and 26% DICS). Klimberg et al. performed touch prep on cross-sections to diagnose the lesion and the slides were analyzed by a cytopathologist. In their study the average tumor size was 2.2 cm. This is relatively large and all the specimens were diagnostic excisions (no mastectomies). Therefore, the total volume of tissue removed was lower than in the present study. For the cross-section of the tumor, Klimberg et al. had an accuracy rate of 99% for correctly diagnosing cancer. Klimberg et al. missed four cancers because of sampling error. At that time, the radiologist used 14-to 18-gauge cores to diagnose breast cancers, so the majority of tumor was still intact at the time of the surgical resection. 18 The incidence of positive margins at University of California, San Diego, is low (10%); 19 therefore, this study utilized cross-sections of freshly excised surgical specimens. However, there were small tumors in the series, which had a high probability of not being sampled. To combat this problem, multiple cuts through surgical specimens were taken. As shown in Fig. 3b , the density of cancer cells varied by approximately 59, depending on the location of the cross-section cut; the variation may explain some false-negative cases in the cross-section study particularly in specimens of DCIS. To determine the expected accuracy of the tumor detection technique, the probability of missing the tumor in a cross-sectional cut in the absence of palpation was estimated from the size of the tumors and tissue. The average estimated probabilities of missing the tumors are 87.5% for DCIS and 35% for invasive cancer (IDC ? ILC; Table 2 ). Therefore, the probabilities of detecting the tumors should be 12.5% for DCIS and 65% for IDC ? ILC if the cross-section cuts are completely random. These two calculations explain the sampling error observed in this series. At present, radiologists use 9-to 11-gauge core biopsies, which removes a large portion of the tumor; 20 therefore, in the present study, the sampling error is an even larger problem for both manual and automated microscopy to obtain an accurate identification if few cells are present. Therefore, in the reported numbers for sensitivity of the automated cellularity touch prep technique are always reported as minimum sensitivity because it is hypothesized that some of the negative scores are solely due to the tumor not being sampled.
The objective of this pilot study was to create a system to evaluate surgical margins intraoperatively primarily for patients undergoing breast conservation therapy for the treatment of breast cancer. The data are consistent with the viability of ultilizing immunofluorescent staining and automated microscopy to detect cancer cells in touch preps. Confirmatory studies with larger patient populations are required to definitively prove that this automated system is reliable. The biggest challenge to surgeons is obtaining negative margins for patients undergoing breast conservation therapy but this system also may be useful for patients undergoing skin-sparing mastectomy or even nipple-preserving mastectomy where surgical margin and local recurrence is still an issue. 21 Some patients with large palpable tumors or large areas of calcifications were included in this pilot project to maximize the probability of identifying the area of tumor within the breast for analysis. Many of these patients chose to undergo mastectomy because they had large palpable tumors or large areas of calcifications on mammogram. Some of the mastectomy tissue was used as part of the ''normal'' samples for this study, slightly increasing the difficulty of distinguishing between normal and cancer tissue because the normal tissue was from a high-risk individual with more cellular atypia. Of the 13 mastectomy cases included in this study, 4 mastectomies were prophylactic for high-risk patients (normal control tissue) and 9 mastectomies were performed due to large tumor size, multicentric disease, previous radiation, or patient preference. The 11 breast conservation cases included smaller tumors.
The preliminary results of this evaluation of the automated microscopy system show that the technique is likely to be successful and could be implemented in any hospital without special expertise in cytopathology to identify cancer cells at surgical margins for invasive breast cancer. Touch prep of the surgical margins, a rapid immunofluorescence staining protocol, and low-resolution automated microscopy can be employed to calculate the number of epithelial cells across the entire slide to differentiate invasive cancer from benign tissue with at least 83% accuracy. Eventually the technique will at least have a comparable processing and analysis time as standard frozen section. It is estimated that with a 14-megapixel camera, the setup time for automatic focus will be less than 1 min and the scanning time for a whole slide will be less than 5 min. This technique is promising to accurately identify invasive cancer cells and can be translated to evaluate the status of surgical margins. The potential of the technique to reduce reexcision can be estimated assuming that the optimized touch prep procedure would be approximately as efficient on surgical margin as it is on cross-sectional cuts. Most operations involve the use of electric cautery, which may limit the number of evaluable cells on the touch prep slides and increase the cellular fragmentation due to thermal injury. However, other investigators have successfully used hematoxylin and eosin-stained touch prep analysis on cauterized margins and newer technologies to remove breast tumors are being developed that limit thermal injury to cells. 11, 22 In the current small pilot study, the correct identification rates were 100% of ILC cases, 80% of IDC cases, and 40% of DCIS cases; therefore, it is estimated that the positive margin rate will cut in half when utilizing this technique. It is noted that this estimate will be lowered if the touch prep process is less efficient on heavily cauterized tissue and the estimate will be higher after correcting for sample errors in the DCIS cases.
Future studies to improve the accuracy of DCIS diagnosis will focus on using an automated microscopic analysis of the nuclear features of each cell at higher resolution; the work by Klimberg shows that this should identify even DCIS cells. This study paves the way to devise a rapid intraoperative procedure to identify breast cancer cells in excised tissue margins. It is expected that in the future, surgeons can utilize this automated microscopy system and software in the operating room and will be able to more fully evaluate the surgical margins at the time of the patient's initial operation for breast conservation surgery. This technique will reduce the necessity for multiple operations to obtain negative margins in the surgical treatment of breast cancer.
